The distribution of protochlorophyllide (Pchlide) and NADPH-Pchlide oxidoreductase (POR) was characterized in the epicotyls and roots of wild-type pea (Pisum sativum L. cv. Alaska) and lip1, a mutant with light-independent photomorphogenesis caused by a mutation in the COP1 locus. The upper part of the dark-grown lip1 mutant epicotyls had a high Pchlide content that decreased downward the organ. The elevated Pchlide level in lip1 seedlings was a result of the differentiation of more proplastids into Pchlide-containing plastids. The cortex cells in the lip1 epicotyl were filled with such plastids in contrast to the cortex cells of wild-type seedlings. The mutant also developed Pchlide-containing plastids in the roots, indicating the suppressing effect of the COP1 locus on development of plastids in the corresponding tissues in dark-grown wild-type plants. The distribution of Pchlide-containing plastids in dark-grown lip1 mutant stem and root was similar to the distribution of chloroplasts in irradiated wild-type plants. Both wild-type and lip1 epicotyls contained mostly short wavelength Pchlide fluorescing at 631 nm with only a small shoulder at 654 nm, which was transformed to a minute amount of chlorophyllide (Chlide) by flash irradiation. In contrast, with continuous irradiation a considerable amount of Chlide was formed especially in the lip1 epicotyls. Immunoblots indicated the presence of POR, as a 36 kDa band, in epicotyls of both dark-grown wild-type and lip1 mutant seedlings. However, lip1 stem tissue had a higher content of POR than the wild-type pea. The high content of POR was unexpected as lip1 lacked both the 654 nm fluorescing Pchlide form and the regular PLBs. In light, a significant amount of chlorophyll was formed also in the roots of the lip1 seedlings.
Introduction
Seedlings of higher plants follow two distinct developmental pathways: skotomorphogenesis in the dark and photomorphogenesis in the light. In the dark, seedlings have a long epicotyl, an apical hook and apressed leaves. In contrast, lightgrown seedlings have a short epicotyl, no apical hook and enlarged green leaves with competent chloroplasts (Kendrik and Kronenberg 1994) . The development of proplastids to etioplast in dark-grown plants is a tissue specific process (Chory and Peto 1990 , McEwen et al. 1991 , Deng and Quail 1992 , Yamamoto et al. 2000 . In the leaves, proplastids develop to etioplasts that contain two well-defined membrane structures, prolamellar bodies (PLBs) and prothylakoids. However, in epicotyls, etioplasts contain only a few inner membranes, a number that decreases from the upper to the lower part of the epicotyl (Böddi et al. 1994) . Plastids in the root are less developed than those of epicotyls (Oliveira 1982) and almost devoid of inner membranes (Sullivan and Gray 1999) .
The most abundant protein in etioplast inner membranes is NADPH: protochlorophyllide oxidoreductase (POR, EC 1.3.1.33) that catalyzes the light-dependent reduction of protochlorophyllide (Pchlide) to chlorophyllide (Chlide) (Griffiths 1991) . The POR level is high in the leaves and decreases along the pea epicotyl (Böddi et al. 1994) . POR, NADPH and Pchlide form a ternary complex, which has a maximum fluorescence emission at 657 nm (Pchlide 657 ) (Böddi et al. 1992 ). Another Pchlide form shows a fluorescence emission maximum at 633 nm (Pchlide 633 ). The ratio between the two emission peaks varies between species, plant organs and developmental stages (Schoefs and Franck 1993 , Böddi et al. 1994 , He et al. 1994 , Franck et al. 2000 . The Pchlide 657 dominates in leaves and the Pchlide 633 in stem and root parts (McEwen et al. 1991 , Böddi et al. 1994 ). Pchlide 633 is capable of forming Chlide but this process is slow and needs a long irradiation (Klockare and Virgin 1983 , Böddi et al. 1996 , Seyedi et al. 1999 . The photoactive Pchlide 657 , is primarily localized in the PLBs (Ryberg and Dehesh 1986) and can form Chlide with a millisecond flash irradiation (Böddi et al. 1989 , Wiktorsson et al. 1993 ). The first long-lived Chlide (Chlide 694 ) shifts to Chlide 682 during 30 min incubation in darkness (reviewed in Schulz and Senger 1993) . The shift rate depends on the Pchlide content and a high Pchlide/Chlide ratio gives a very fast formation of Chlide 682 Griffiths 1982, Griffiths et al. 1984) . The Chlide is esterified with geranylgeraniol pyrophosphate (Schoch et al. 1977 , Rüdiger et al. 1980 ) and the isoprenoid moiety is then stepwise reduced with geranylgeranyl reductase to form the phytol in chlorophyll (Keller et al. 1998) .
Illumination of dark-grown seedlings results in chlorophyll formation because of POR activity. However, light also activates other photoreceptors, e.g. the phytochromes, which are involved in chloroplast development (Neuhaus et al. 1993) . During illumination all plant tissues do not green at the same rate nor to the same extent (Böddi et al. 1996) . A cotyledonspecific albino locus in Arabidopsis clearly demonstrated the organ-specific chloroplast development (Yamamoto et al. 2000) . The external light factor and organ-specific internal signals act simultaneously on plastid development. Separation of these signals under normal transfer from skotomorphogenesis to photomorphogenesis in wild-type plants is difficult. However, several recessive Arabidopsis mutants have been identified whose constitutive photomorphogenetic (cop), deetiolated (det), and fusca (fus) phenotypes indicate improper photomorphogenetic development in darkness (von Armin and Deng 1996) . When grown in darkness, they display light-grown phenotype plastids devoid of PLBs but containing separate single thylakoid membranes, and an abundance of some light-regulated gene transcripts. Dark-grown cop1-18 (previously det340) mutants of Arabidopsis, have a high Pchlide content, a low POR level and contain 10-fold less photoactive Pchlide (Sperling et al. 1998) . A similar mutant of pea, designated lip1 for light-independent photomorphogenesis, has also been identified (Frances et al. 1992) . Leaves of dark-grown lip1 seedlings are similar to those of light-grown seedlings with respect to both cell size and tissue differentiation. However, lip1 has plastids that contain separate single thylakoid membranes (Frances et al. 1992 ) and has the POR protein evenly distributed within the etioplast (Seyedi et al. 1999) . Recently, Sullivan and Gray (2000) reported that lip1 seedlings contain both a wild-type COP1 transcript and a larger transcript (COP1¢) with an in-frame internal duplication within the wild-type COP1. The COP1¢ transcript segregates with the lip1 phenotype. However, a low level of wild-type COP1 transcripts is also present in lip1 seedlings. Despite the similarity between the deetiolated phenotype of lip1 and Arabidopsis cop1 mutants, the lip1 mutant shows some unique pleiotropic phenotypes, such as a low phytochrome A level, wildtype level of POR and no sensitivity to photobleaching after a transfer of dark-grown plants to light (Frances et al. 1992 , Seyedi et al. 1999 . A correlation between plastid development and the photomorphogenic phenotype of lip1 was found after treatment with 2-isopentenylpyrophosphate (Seyedi et al. 2001) .
This study was designated to investigate the consequences of the absence of the wild-type level of COP1 on etioplast development. We found that higher Pchlide in dark-grown lip1 stems was due to the development of Pchlide-containing plastids in the cells that were devoid of Pchlide in wild-type plants. We propose that the COP1 protein suppresses the development of Pchlide-containing plastids in roots as well as in cortex tissues of dark-grown pea epicotyls.
Results

Pchlide content and distribution
The Pchlide content of corresponding parts of dark-grown wild-type and lip1 mutant seedlings is shown in Fig. 1 . Leaves held the highest Pchlide content and in epicotyls a gradual decrease was found, beginning near the top and extending downwards. The Pchlide content of lower and upper epicotyl parts and leaves of the lip1 mutant were 30-, 25-and 3-fold higher than corresponding wild-type tissues. To determine whether higher Pchlide content in the lip1 epicotyl is a result of increased number of Pchlide-containing plastids, transverse sections of the epicotyls were studied. The fluorescence from the Pchlide containing plastids was possible to discern in a fluorescence microscope. To minimize the fast fading of the red Pchlide fluorescence during observation, comparatively thick epicotyl sections were used. In addition, the excitation time with blue light (400-440 nm) was reduced to 1 s. As shown in Fig. 2 , Pchlide fluorescence in the upper epicotyl section of the wild type mainly originates from the parenchyma cells of the pith tissue in the central vascular cylinder. However, there was also a weak fluorescence from parenchyma cells in the cortex ( Fig. 2A) . In contrast, the corresponding section in lip1 showed high Pchlide fluorescence from the three layers of cortex cells under the epidermis (Fig. 2B) . The lower epicotyl sections of the wild type had a very low level of Pchlide fluorescence ( 2C), but the same sections in lip1 contain plastids with Pchlide fluorescence both in the parenchyma cells of the pith tissue and outer layers of cortex cells (Fig. 2D ). Transverse sections of the wild-type root were almost devoid of plastids containing Pchlide (Fig. 2E) . However, in lip1 roots a weak fluorescence derived from the parenchyma cells adjacent to the outermost part of the triarch xylem was detected (Fig. 2F) . The red fluorescence seen from the tissue was considered to originate from Pchlide. Absorption spectra of leaf and stem acetone extracts showed that lip1 accumulated Pchlide in darkness and possible Pchlide precursors were not present in detectable amounts (data not shown). Taken together, in addition to higher Pchlide fluorescence emission, the distribution of Pchlide-containing plastids in lip1 epicotyls and roots were different compared to wild-type seedlings. Because the dark-grown lip1 leaves are similar to those of light-grown seedlings with respect to tissue differentiation (Frances et al. 1992) , we examined the distribution of the chloroplasts in stem and root tissues of light-grown seedlings. The distribution of the red chlorophyll fluorescence in light-grown wild-type stems ( Fig. 3C ) generally resembled the distribution of Pchlide in dark-grown lip1 epicotyl tissues (Fig. 2B, D) . The red chlorophyll fluorescence in wild-type root was restricted to the cells around the outermost part of the triarch xylem (Fig. 3A) . In lip1 roots all parenchyma cells in the central cylinder and cortex, except in exodermis, formed chlorophyll (Fig. 3B) . The green fluorescence emission in the outer layer of cortex in both wild-type and lip1 roots originated from suberized cells.
Pchlide and Chlide spectral forms
Previous studies have shown that the leaves of wild-type pea plants grown in darkness are characterized by nearly equal fluorescence emission of Pchlide at 630 and 654 nm (Seyedi et al. 1999) . In vivo fluorescence spectroscopy (77 K) of wild-type epicotyls showed a dominance of short wavelength Pchlide with fluorescence emission at 630 nm (Fig. 4A ). Both leaves and epicotyls of the lip1 mutant had a higher pigment content and fluorescence emission maximum at 630 nm. The emission maximum of the leaves was found at a slightly longer wavelength (632 nm) than that of the epicotyls. The fluorescence emission at 654 nm was evident only as a small shoulder (Fig. 4B) .
As in the stem tissue, the Pchlide fluorescence was increased in the roots of lip1 compared to the wild-type plants (Fig. 5) . Roots of lip1, in contrast to the leaves and epicotyl sections, contained only the short-wavelength Pchlide and were devoid of the shoulder at 654 nm. A small peak with a fluorescence at 682 nm found in the upper root sections of both the wild-type and lip1 pea was probably due to chlorophyll formed during the maturation of the pea seed in the pod (Böddi et al. 1999) . Irradiation of roots with continuous white light for 20 min increased the relative fluorescence in the chlorophyll region of the spectrum for lip1 roots but had not the same effect in the wild-type plants (Fig. 6) .
The phototransformability of the Pchlide in various parts of wild-type and lip1 mutant seedlings was tested with flash irradiation at room temperature. In the upper section of the epicotyl only small amounts of short wavelength Chlide was detected, as indicated by a small peak around 680 nm (Fig.  7A) . In spite of the higher Pchlide content in the lip1 stem only small amounts of Chlide were detected (Fig. 7B ). In the top section of the epicotyl of both wild-type and lip1 mutant seedlings the fluorescence emission from Pchlide decreased consid- erably after flashes, indicating a possible photodestruction or strong quenching by the newly formed Chlide.
Continuous irradiation compared to flash irradiation gave an increased amount of Chlide in the epicotyl sections. This effect was similar for the wild-type and lip1 mutant (Fig. 8A,  B) . In the top portion of wild-type seedlings mostly short wavelength Chlide was formed (Fig. 8A) . The Pchlide fluorescence compared to that of dark-grown seedlings (spectra not shown) decreased by about 1/3 after the first irradiation but there was still some left after 10 min irradiation. In the top portion of the lip1 epicotyl short-wavelength Chlide was found with a shoulder at 696 nm after 3 min illumination. This shoulder was more evident in lip1 epicotyls than in the wild-type seedlings. In lip1 the Pchlide fluorescence compared to that of dark-grown seedlings decreased similar to wild type but after 10 min irradiation the Pchlide fluorescence of the lip1 epicotyl (Fig. 8B) had decreased strongly.
Excitation with 460 nm instead of 440 nm predominantly excites the long-wavelength forms. Wild-type epicotyl sections illuminated for 3 or 10 min and excited at 460 nm showed no significant difference in the Chlide spectral forms (Fig. 9A) . In contrast, in lip1 epicotyl sections excited at 460 nm the Chlide peak had a 690 nm fluorescence peak after 3 min irradiation and a 682 nm fluorescence peak after 10 min irradiation (Fig.  9B) .
Protochlorophyll level and esterification of Chlide
To investigate the nature of the high Pchlide pigment content in the epicotyl parts of dark-grown lip1 seedlings a HPLC analysis was performed. Fig. 10 shows that in lip1 and wildtype epicotyl parts Pchlide a was the dominating pigment. Only a minute amount of protochlorophyll was present (cf. Shioi and Sasa 1983, McEwen and Lindsten 1992) . However, after irradiating the wild-type epicotyl top sections for 10 min with white light almost all Pchlide was transformed to esterified Chlide (Fig. 10) . In contrast, in lip1 epicotyl top sections 10 min continuous irradiation was not enough to transform all Pchlide to Chlide and a considerable amount of Pchlide was still present. In addition, although part of the Chlide was esterified with geranylgeraniol, a significant amount of Chlide remained unesteri- fied. The successive reduction of geranylgeranyl-chlorophyll to phytol-chlorophyll in wild-type epicotyl top sections occurred to a higher extent than that in the lip1 mutant. Even after 4 h irradiation the lip1 top epicotyl sections contained a large amount of geranylgeranyl-chlorophyll (data not shown).
Abundance of POR protein
The abundance of the POR protein was analyzed in total protein extract of the leaves, epicotyls and roots of dark-grown wild-type and lip1 mutant seedlings by Western blot analysis. As shown in Fig. 11 , POR was present in both leaves and epicotyls of lip1 and wild-type plants. The leaf and epicotyl of lip1 mutant seedlings contained a high level of immunodetectable POR whereas the leaves but not the epicotyls of the wildtype plants had considerable amounts of POR. Only the upper part of the wild-type epicotyl showed a small amount of POR protein. A similar distribution of POR was found in seedlings exposed to 6 h of light, indicating that steady-state level of POR in wild-type and lip1 plants was similar also after irradiation. The POR protein in the roots of the wild-type and lip1 mutant was below the detection limit with the same protein loading as for leaves and epicotyl sections (Fig. 11B) .
Chlorophyll formation
To determine the capacity of chlorophyll formation in the upper epicotyl parts, dark-grown wild-type and lip1 seedlings were transferred to white light for up to 48 h. As shown in Table 1 , more chlorophyll a was accumulated in lip1 than wild type. Growing the wild-type and lip1 seeds in the light for 7 d resulted in formation of chlorophylls and carotenoids in the root parts in both types of seedlings (Table 2) . However, lip1 seedlings accumulated a significantly higher amount of pigments than the wild type did. The pigment content of the lower and upper epicotyl part of the lip1 seedlings was also higher than that in wild-type seedlings (Table 2) .
Discussion
Dark-grown seedlings of the lip1 mutant of pea have several characteristics of light-grown plants such as expanded leaves, partially developed chloroplasts, and a shorter and thinner epicotyl resembling the stem of light-grown pea plants (Frances et al. 1992) . Several features in common for lip1 and the deetiolated cop1 mutant of Arabidopsis made it possible for Sullivan and Gray (2000) to clone the lip1 gene. A large duplication in the COP1 gene is responsible for the light-independent photomorphogenesis in lip1 mutant plants. However, small quantity of wild-type COP1 protein was also present in lip1 peas.
Dark-grown lip1 leaves as well as cop1-18 cotyledons of Arabidopsis show almost a 3-fold increase over wild-type Pchlide content (Lebedev et al. 1995 , Seyedi et al. 1999 ). The Pchlide content in the epicotyl parts of the lip1 is 25-to 30-fold higher than that of wild-type seedlings. Light-grown cop1 seedlings are similar to the wild type in color (Deng and Quail 1992) , but light-grown lip1 plants have a dark green phenotype (Frances et al. 1992) indicating that an increased Pchlide formation is correlated to a higher final chlorophyll content in lip1. The increased chlorophyll content is not limited to leaves, because epicotyl parts and even roots of lip1 seedlings accumulate significantly more chlorophyll than those of the wild type do (Table 2 ). However, in both plants, the chlorophyll content decreased from upper to lower parts of the epicotyl (Table 2) indicating a role for an organ-specific signal. This signal seems not to be light-regulated since the Pchlide content in darkgrown plants also shows the same pattern (Fig. 1) . High Pchlide content in lip1 leaves (Seyedi et al. 1999 ) and epicotyl parts did not stimulate the esterification of Pchlide to protochlorophyll as the Pchlide/protochlorophyll ratio in lip1 was comparable to wild type (Fig. 10) .
The dark-grown cop1-18 mutant, with its strong mutant allele, is devoid of PLBs (Sperling et al. 1998 ). Leaves and epicotyl parts of the lip1, with small quantities of wild-type COP1 protein, showed a small shoulder at 657 nm (Fig. 4) and some rudimentary PLBs (Seyedi et al. 1999) . Transferring darkgrown cop1-18 seedlings to normal white light result in photobleaching of non-photoactive Pchlide and finally the death of the seedlings. However, seedlings of 7-day-old dark-grown lip1 can form chlorophyll and grow normally after transfer to white light. The presence of high amounts of POR protein in leaves and epicotyl parts of the seedlings even in darkness might stabilize the porphyrins. In dark-grown cop1-18 mutant, the total POR protein is almost 10-fold lower than in the wild-type seedlings (Sperling et al. 1998 ). In addition, the carotenoid content of dark-grown lip1 leaves and epicotyl parts were significantly higher than that of wild-type seedlings (data not shown). Even in the epicotyl parts of light-grown lip1 seedlings (Table 2) the carotenoid level is much higher than in the wild-type plants. Carotenoids play an important role against photooxidative damage.
One of the striking effects of the COP1 mutation in the dark-grown lip1 epicotyl is the distribution of Pchlidecontaining plastids. In the wild-type Pchlide-containing plastids were present mostly in the pith tissue of the central cylinder (Fig. 2) . In the lip1 seedlings the Pchlide-containing plastids were present in the mesoderm of the cortex in addition to the central cylinder. The distribution of plastids with high amounts of Pchlide was actually similar to the distribution of chloroplasts in the stem of light-grown pea plants (Fig. 3) . The mutation in COP1 thus not only caused an increase in the Pchlide content but also induced Pchlide formation in a different tissue within the epicotyl. This indicates that the tissue distribution of plastid development within the stem is a light-regulated process and COP1 together with a cell-specific signal in darkness control the development of proplastids to etioplasts in the cells.
Roots of higher plants grown in darkness have a low pigment content, with mostly Pchlide esters and only minute amounts of Pchlide (Björn 1963, McEwen and Lindsten 1992) . In young roots of light-grown wild-type Arabidopsis seedlings amyloplasts develop instead of chloroplasts (Kwok et al. 1996) . However, mutations in 10 pleiotropic COP/DET/FUS loci that gives a deetiolated phenotype also results in chloroplast differentiation in the roots of light-grown mutant seedlings (Chory and Peto 1990 , Deng and Quail 1992 , Wei and Deng 1992 , Wei et al. 1994 , Kwok et al. 1996 , Mustilli et al. 1999 . However, the distribution of chloroplasts in light-grown roots of photomorphogenic Arabidopsis mutants (Kwok et al. 1996) and lip1 is different. Both mutants accumulate chloroplasts in the vascular cylinder, but only in lip1 roots, the inner part of the cortex (Fig. 3) can develop a large numbers of chloroplasts. Roots of dark-grown lip1 developed large numbers of plastids that contained Pchlide, whereas wild-type roots were almost devoid of plastids with Pchlide (Fig. 3) . The recent observation that plastids of the roots of dark-grown lip1 are more developed and contains a considerable amount of plastid inner membranes (Sullivan and Gray 1999) , supports this observation. In addition, in vivo fluorescence spectroscopy (77 K) of the roots showed that plastids of dark-grown lip1 contain considerable amounts of Pchlide (Fig. 5) , which is in line with an increased level of Pchlide fluorescence emission in the cross sections of the roots. Although epicotyls of dark-grown lip1 contain con- Fig. 10 HPLC chromatograms of dark-grown and 10 min irradiated wild-type and lip1 mutant upper epicotyl sections. Peak designations: 1, Chlide; 2, Pchlide; 3, geranylgeraniol(GG)Chl; 4, dihydroGGChl; 5, tetrahydroGGChl; 6, phytyl Chl; 7, protochlorophyll.
Fig. 11
Immunological detection of POR of whole tissue extracts of 7-day-old dark-grown or 6 h irradiated leaves and epicotyls (A) and dark-grown leaves and roots (B) of wild-type and lip1 pea seedlings.
siderable amounts of the POR protein, POR was not detectable in our root extracts. However, it was earlier shown that detection of POR in roots of dark-grown plants is possible only after loading an excess of total protein on the SDS-PAGE before Western (McEwen et al. 1991) .
The presence of short-wavelength Pchlide forms in plants increases the risk for photodestruction in white light (Axelsson 1976a , Axelsson 1976b , Duke and Rebeiz 1994 , Lebedev et al. 1995 , Sperling et al. 1997 . The photodestruction could be diminished by overexpression of POR, which also led to an increased Chl(ide) accumulation in light (Sperling et al. 1998) . After irradiation of lip1 epicotyl parts the Pchlide fluorescence emission decreased considerably without a corresponding increase in Chlide fluorescence (Fig. 8, 9 ). This could indicate a partial photodestruction of the pigments but also a change in energy transfer, fluorescence yield or quencher accumulation (Dujardin and Correia 1979, Belyaeva and Sundqvist 1998) . The comparatively high amounts of Chlide present in the lip1 mutant (Fig. 10) suggest a harmful photodestruction (cf. Axelsson 1976b). However, no harmful photodestruction occurred in lip1 as the seedlings rapidly became green in light (Table 1) . The protection against harmful photodestruction is probably a complex phenomenon and the already in darkness activated phytochrome signal transduction pathway could obviously reduce the risk for tissue damage. It is possible that an increased transcript level of the chlorophyll a/b protein gene family in lip1 (Frances et al. 1992 ) makes the pigment binding protein rapidly available for stabilisation of the Chl(ide). Also other phytochrome activated Chl(ide) bearing proteins (carriers, Sundqvist and Dahlin 1997) can be produced in excess and stabilise the Chlide present (Adamska 1997) . Such a binding to other proteins might also reduce the rate of the esterification process.
Newly formed Chlide exhibit a number of spectral shifts (reviewed by Griffiths 1991, Lebedev and Timko 1998) . The rate of the blue shift of the newly formed Chlide (Chlide 696 to Chlide 682 ) is strongly increased when the ratio of Pchlide 657 to Pchlide 633 is low before irradiation (Griffiths et al. 1984, Ryberg and Sundqvist 1984) . The epicotyl of the lip1 mutant has a very low Pchlide 657 to Pchlide 633 ratio (Fig. 4) . Still, in contrast to what is found in leaves of the lip1 mutant (Seyedi et al. 1999 ) and cotyledons of the cop1-18 mutant (Lebedev et al. 1995) , continuous irradiation of lip1 epicotyls for 30 s and 3 min gives not only short wavelength, but also a significant amount of long wavelength Chlide (Chlide 696 , Fig. 8 ). The observation that the POR protein level in the epicotyl and the leaves of dark-grown lip1 pea is similar (Fig. 11) , suggests that the POR protein level in itself is not the difference which might explain the formation of Chlide 696 only in the lip1 epicotyls. The low level of POR in the wild-type epicotyl prevents the formation of the long-wavelength form. The main difference between the dark-grown lip1 epicotyls and leaves is the Pchlide content. The observation that the Pchlide content in the epicotyl of lip1 is much lower than in the leaves (Fig. 1) , suggests that not only the ratio of Pchlide 657 to Pchlide 633 but the total Pchlide content is an important factor for the rate of Chlide 682 formation. The increased relative content of Chlide in the lip1 mutant can also contribute to an extended presence of the long-wavelength form.
Addition of the phytyl side chain to Chlide is a prerequisite for integration of chlorophylls in the chlorophyll a/b binding proteins. The final step in chlorophyll formation is the prenylation of Chlide to geranylgeranyl-chlorophyll a and a stepwise reduction of the latter by geranylgeranyl reductase to phytyl-chlorophyll a (Keller et al. 1998) . The gene for geranylgeranyl reductase is expressed in dark-grown Arabidopsis plants, and is up-regulated in light-grown plants (Keller et al. 1998) . After irradiation of dark-grown lip1 leaves (Seyedi et al. 1999) and epicotyls (Fig. 10 ) the formation of chlorophyll from Chlide was not increased compared to the wild type. Recently it has been shown that the geranylgeranyl reductase expression is under control of phytochrome in Arabidopsis (Kuno et al. 2000) . If the regulation of geranylgeranyl reductase expression in pea is similar to that of Arabidopsis, the minute amounts of phytyl-chlorophyll a in lip1 leaves and epicotyl parts, even after long-term irradiation, indicates that the phytochrome activation of Chlide esterification is not induced by the mutation in the COP1 protein in darkness in lip1 plants. 
Materials and Methods
Plant material and cultivation
Peas (Pisum sativum L. cv. Alaska and lip1 mutant) were soaked in tap water for 6 h and sown in commercially available seed-sowing compost (Yrkesplantjord, Svalöv Weibulls AB, Landskrona, Sweden) in 10 cm wide pots. About 10 seeds were sown in each pot and the seedlings were grown for 7 d in the dark at 25°C. Primary roots, ca. 15 cm long, were harvested from wild-type and lip1 peas and were washed with water. The epicotyl of the wild-type pea was divided into 2 cm pieces giving sections 1-7. The epicotyl hook and the leaves were harvested as separate samples. In order to obtain corresponding parts from lip1 and wild-type seedlings only the lower and upper epicotyl parts were used. All handling of the seedlings was done under dim green light. To study the greening of roots in a separate experiment seeds were surface sterilized by soaking in 95% ethanol for 2 min and then in 20% commercial bleach for 15 min. After extensive rinsing with sterile water, the seeds were plated on 0.8% (w/v) agar plates. In every 1 liter vessel 7-8 seedlings were grown for 7 d in a light intensity of 42 mmol cm -2 s -1 .
Irradiation
For continuous irradiation, white fluorescent light (Osram L20, Warmton Warm White, 15 mmol cm -2 s -1 ) was used. Irradiations up to 6 h were performed with cut plants placed on moist filter paper. For longer irradiation periods, intact plants were used. The light source for flash irradiations was a Braun F 800 electronic photoflash with an average energy output of 160 J for 0.002 s. Cut epicotyl sections were irradiated with two flashes with 10 s between them.
Fluorescence and absorption spectroscopy
Fluorescence emission spectra were measured at 77 K using an SLM Aminco 8100C spectrofluorometer. The spectra were measured as energy density per unit interval of wavelength. The integration time was 0.1 s. Emission spectra were recorded with the excitation set at 440 or 460 nm, and was corrected for variation in the sensitivity of the photomultiplier. Tissue sections of similar size and thickness were used to make the samples possible to compare them. All spectra were smoothed using a fixed bandwidth, sharp cut-off, three points, low pass linear digital filter. Averages of 6-7 spectra are shown. Absorption spectra of pigment extracts were recorded according to McEwen et al. (1991) .
Pigment extraction
The Pchlide content was calculated from the fluorescence emission maximum of 80% (v/v) acetone extracts, using the molar extinction coefficient recommended by Kahn 1983 for calibration. The content of chlorophyll a, chlorophyll b and carotenoids were determined spectrophotometrically in 100% acetone according to Lichtenthaler and Wellburn (1983) .
HPLC measurements
Pigments were extracted in acetone, transferred to ether and separated by reversed-phase HPLC. The column was a C 18 Nucleosil 5 mm used with a gradient of 20 to 50% ethyl acetate in 80% methanol/water (v/v), at a flow rate of 1 ml min -1 for 30 min, mainly as described by Böddi et al. (1989) . The protochlorophyll(ide) and chlorophyll(ide) were detected using a Perkin Elmer LS 30 Luminescence spectrometer.
Preparation of whole cell extract and Western blot analysis
Protein extracts of roots, epicotyls and leaves were prepared according to Seyedi et al. (1999) . Fractionated proteins were electroblotted to PVDF membranes and POR polypeptides were detected using an antiserum containing polyclonal antibodies raised against POR from wheat (Grevby et al. 1989) , followed by a Goat anti-Rabbit IgG (H+L) alkaline phosphatase (AP) conjugate and AP color development reagent for detection.
Fluorescence microscopy
Free-hand sections were cut transversely from epicotyls and roots. The dark-grown samples were sectioned in dim light. The sections were viewed in a fluorescence microscope (Zeiss Axiophot2, Jena, Germany) using a´10 objective. The sections were exited for 1 s using a filter that provided a wavelength range from 400 nm to 440 nm and an image was recorded using a digital camera. Brightness, contrast, and color balance were adjusted using Adobe Photoshop and figures were printed using a digital printer (Tektronix Phaser 560, Tektronix, Inc.).
